Extreme ultraviolet (XUV) lasers are essential for the investigation of fundamental physics. Especially high repetition rate, high photon flux sources are of major interest for reducing acquisition times and improving signal to noise ratios in a plethora of applications. Here, an XUV source based on cascaded frequency conversion is presented, which delivers due to the drastic better single atom response for short wavelength drivers, an average output power of 832 ± 204 µW at 21.7 eV. This is the highest average power produced by any HHG source in this spectral range surpassing precious demonstrations by more than a factor of four. Furthermore, a narrow-band harmonic at 26.6 eV with a relative energy bandwidth of only Δ = 1.8 • 10 ./ has been generated, which is of high interest for high precision spectroscopy experiments.
Ultrashort extreme ultraviolet (XUV) laser pulses have become one of the most important tools for fundamental studies of atoms and molecules on electronic length-(angstrom) and time-scales (femtosecond to attosecond) [1] . Consequently, they hold great promise to promote scientific and industrial fields covering physics, chemistry, biology, medicine or material science. For that reason, large-scale facilities such as synchrotrons [2] or free electron lasers [3, 4] with impressive performance parameters have been developed. However, beam time availability is strongly limited, calling for table-top alternatives. As such, sources based on high harmonic generation (HHG) have gained significant interest over the last decades. In addition to their compact size they offer multiple attractive properties that are not readily available at the large-scale facilities. The HHG process is phasecoupled to the driving laser, thus transferring the laser-like properties, in particular the coherence and short pulse duration, to the XUV spectral region. Additionally, the driving laser pulses are intrinsically synchronized with the XUV pulses, easily enabling pump-probe experiments. As a consequence, such sources have found a plethora of applications. For example, they deliver photon energies suitable for the study of core level transitions, highly exited states, and photoionization or dipole transitions of highly charged ions [5] . Their short wavelengths also allows for imaging techniques with highest spatial resolution [6] . However, in contrast to attosecond physics [7] , where a broadband spectrum is desirable for the generation of ultrashort pulses, the above mentioned applications usually require narrow spectral lines. For example, the bandwidth of the employed XUV radiation limits the spatial resolution for coherent diffractive imaging [8] , as well as the energy resolution for laser spectroscopy experiments. In particular, material studies, like angle resolved photoelectron spectroscopy, require a relative energy bandwidth of ΔE/E = 10 -2 to 10 -3 to resolve the band structure of the investigated materials [9, 10] . High precision spectroscopy needs even smaller relative energy bandwidths of ΔE/E = 10 -4
, e.g. for the test of fundamental theories [5] . In addition, all of the aforementioned applications desire a high photon flux for sufficient count rates, statistics, and signal to noise ratios. Especially time-resolved measurements [10] or multi-dimensional studies [11] will benefit from high average power and repetition rates, because much shorter acquisition times get feasible. To achieve these high average XUV powers either enhancement cavities, exploiting their high intra-cavity average powers [12] , or a single pass geometry with a high average power driving laser [13] are commonly used. Since high harmonics are most efficiently generated with ultrashort pulsed driving lasers [14] , both requirements of high photon flux and small relative energy bandwidth can usually not be fulfilled simultaneously. However, recently it has been shown that short wavelength drivers allow for very efficient HHG in combination with a narrow energy bandwidth [15, 16] .
Here we present an XUV source, based on a single pass approach, with a record high photon flux of 832 ± 204 µW at 21.7 eV, utilizing a fiber based high average power short wavelength driver. At the same time this source provides narrowband harmonics with a relative energy bandwidth of only ΔE/E = 8·10 -3 . By additionally exploiting a Fano-resonance in the absorption spectrum of argon, extremely narrowband (ΔE/E = 1.8·10 -3 ) harmonics still carrying µW level average power have been generated. The experimental setup is shown in Fig. 1 . The driver for the system is a fiber chirped pulse amplifier (FCPA) incorporating two coherently combined main amplifier fibers similar to the system presented in [17] . The FCPA is operated with 1 mJ, 300 fs pulses at a repetition rate of 120 kHz and a central wavelength of 1030 nm, which corresponds to 120 W of average power. Afterwards, these pulses are compressed to 45 fs using a nonlinear compression stage based on an argon filled hollow core fiber [18] . A transmission of 55% through this fiber leads to a pulse energy of 0.55 mJ, resulting in 66 W of average power. Subsequently, these pulses are frequency doubled with a 0.5 mm thick beta barium borate (BBO) crystal, delivering a maximum of 11 W of green light with a central wavelength of 515 nm and a pulse duration of 85 fs. The co-propagating fundamental and second harmonic beam are separated using two dichroic mirrors. Fig. 1 Experimantal setup. The infrared pulses from the fiber based chirped pulse amplifier (FCPA) are nonlinearly compressed and subsequently frequency doubled in a beta barium borate crystal (BBO). Afterwards, these green pulses are separated from the infrared pulses via dichroic mirrors (DC) and subsequently focused into an argon (Ar) or krypton (Kr) gas jet for high harmonic generation. To separate the generated extreme ultraviolet (XUV) light from the driving laser two fused silica plates in Brewster's angle and thin metal filters of aluminum (Al) or tin (Sn) are used. Finally, the XUV light is analyzed with a XUV photodiode (PD) or a spectrometer.
To generate the XUV light, the 11 W average power second harmonic beam is sent into a vacuum chamber where it is focused to a 35 µm diameter spot size. A 180 µm diameter cylindrical nozzle provides the gas target for the process of HHG. The generated XUV radiation is subsequently separated from the fundamental radiation using two reflections on fused silica plates placed at Brewster's angle for 515 nm. Two additional thin film metal filters, either a 200 nm thick aluminum (Al) and a 200 nm thick tin (Sn) filter, or two 200 nm thick Al filters are used to block the remaining green light and to attenuate the XUV light, in order to avoid saturation of the CCD camera. A flat field spectrometer or a photodiode is used to characterize the XUV radiation. The photon flux of the higher order harmonics is maximized by iteratively optimizing the target gas density, the position of the gas jet, as well as the opening diameter of an iris in front of the focusing lens. The optimal phasematching conditions are found via pressure scans revealing an optimum backing pressure of 2.5 bar for argon and 1.5 bar for krypton (red line in Fig.  2a) ). The results of a corresponding simulation with a simple onedimensional model [19, 20] , shown as the blue line in Fig. 2a) , support these findings, assuming a distance between the laser beam and the gas nozzle opening of 6.5w 0 (with w 0 being the 1/e 2 beam radius) [21] . This results in a pressure of 0.2 bar in the HHG interaction region for argon and 0.3 bar for krypton. Thus, the target gas density ρ can be approximated to be 8.6•10 18 Atoms/cm 3 for argon and 5.1⋅10 18 Atoms/cm 3 for krypton. By using the tabulated absorption cross sections σ for both gasses [22] the absorption length can be calculated as l abs =1/σρ resulting in an absorption length of 32 µm in the case of argon and 51 µm in the case of krypton. In consequence, the medium length l med , defined by the diameter of the nozzle (d=180 µm), allows for absorption limited generation of high harmonic radiation ( 123 ≥ 3 • 567 ) for both generation gases [19] . In addition, our simulations indicate that transient phase-matching could be achieved [19, 21] , resulting in a high conversion efficiency. Using krypton as a generating gas yields the highest XUV average power. In order to measure the average power contained in the 9 th harmonic only, a Sn foil (which strongly attenuates the adjacent 7 th and 11 th harmonic (Fig.   2b) ) is used. To obtain the XUV photon flux in this harmonic, the source power was determined with a XUV photodiode (calibrated at the National Metrology Institute of Germany (PTB)), taking into account the measured filter transmissions, the reflectivity of the fused silica plates (which also have been calibrated at the PTB), as well as the reabsorption of the gas medium. Note that this reabsorption has been minimized by the use of three turbomolecular pumps, resulting in a background pressure of 1.2⋅10 -2 mbar in the HHG chamber and 10 -5 mbar in the spectrometer, when a krypton backing pressure of 1.5 bar was applied. This results in a transmission as high as 71 % up to the detector. With these corrections a record high average power of 832 ± 204 µW has been measured with the photodiode. This is approximately a factor of six higher than previous results obtained with an infrared driving laser in single-pass HHG [23] and a factor of 4 higher than what has been achieved with enhancement cavities [12] . The resulting conversion efficiency of green to XUV light is as high as 7.5⋅10 -5 , and the total conversion efficiency from the infrared to XUV is 1.2⋅10 -5 , which is an order of magnitude improvement compared to HHG directly from an infrared driving laser [23] . This high conversion efficiency is a result of a longer phase matching time window [16] , compared to infrared pulses, in combination with the ~.
: scaling [24] of the single atom response. In addition to the XUV photodiode, a flat-field spectrometer equipped with a CCD camera was used to record the harmonic spectrum and to estimate the average power, taking into account the known detection efficiencies and quantum efficiencies of the employed CCD camera (supplied by the manufacturer), the measured filter transmissions, the reabsorption due to the remaining gas in the vacuum chamber, as well as the reflectivities of the calibrated fused silica plates. Furthermore, spatial cutting of the XUV beam due to the limited size of the grating and the detector is taken into account. The resulting spectrum is shown in Fig. 2b ) and the average power in the 9 th harmonic at 21.7 eV is (1.5 ± 0.6) mW, which corresponds to (4.3 ± 1.7) • 10 @A photons per second. Within the error intervals this evaluation confirms the record high photon flux, which has been measured with the XUV photodiode. Fig. 3 Tunability of the 11 th harmonic (generated in argon) due to different wavelengths of the driving laser, achieved by changing the phase-matching angle of the SHG-crystal.
This XUV light source does not only provide an exceptionally high photon flux., but due to the cascaded frequency conversion via SHG followed by HHG, the central wavelength of the driving laser can be tuned. Hence, the spectral position of the higher order harmonics is tunable in a certain spectral range of ~0.5 eV (Fig. 3) . This wavelength tuning of the driving laser is simply done by changing the phase matching angle of the BBO. The BBO thickness is chosen slightly thicker than required to achieve phase-matched SHG for the entire bandwidth of the infrared laser. Therefore, turning of the crystal leads to frequency doubling of different spectral portions and, consequently, central wavelengths. Due to the associated changes in the SHG power this results in a slightly lower harmonic power, when tuning offcenter, as shown in Fig. 3 . This wavelength tuning together with the unique properties of argon opens an extremely interesting feature for high precision spectroscopy at 26.65 eV [25] . At this energy, argon has a window-type Fano-resonance in the absorption spectrum which results in a much higher transmission through the gas medium than at other photon energies [26] . As a first experiment krypton is used as a generation gas for HHG and the maximum SHG average power is used. The 25resulting spectrum of the 11 th harmonic, shown in Fig.   4a ), reveals a relative linewidth of Δ = 8 • 10 ./ and an average power of 360 µW. The linewidth of this harmonic can be considered as a typical linewidth depending on the pulse duration and the chirp of the driving laser. Compared to the linewidth of harmonics generated directly with an infrared driving laser at similar conditions [23] , this typical linewidth is already a factor of three smaller, while containing more than twice as much average power. If a narrower linewidth is desired, argon can be used as a generating gas. For exploiting its resonance at 26.65 eV the energy of the 11 th harmonic needs to be shifted, as previously explained. Using the optimal backing pressure of 2.9 bar results in an average power of 72 µW and a relative energy bandwidth of Δ = 4.2 • 10 ./ (Fig. 4b) ), which is an improvement of a factor of two compared to the krypton harmonic in Fig. 4a ). Since the reabsorption of the XUV light mostly takes place in the HHG interaction region [27] the backing pressure needs to be increased in order to achieve even narrower bandwidths with this experimental setup. By increasing the backing pressure to the maximum pressure manageable by the turbomolecular pumps (6.5 bar), an average power of 6 µW and a relative bandwidth of only ΔE/E = 8·10 -3 was achieved, which is at the resolution limit of the used spectrometer (see Fig. 4c) ). Note that in this case all other harmonics are suppressed by at least one order of magnitude, due to the strong reabsorption of the XUV light in argon. So there is no need for additional filters. Moreover, the spectral position of the incorporated resonance is well known [26] and intrinsic to the generating gas. Although, since the conversion efficiency is reduced in this case, such a configuration is highly interesting for precision spectroscopy experiments. Fig. 4 Linewidth of the 11 th harmonic at ∼26.6 eV generated with different media at different backing pressures. a) harmonic generated in krypton with an average power of ~ 360 µW, b) harmonic generated in argon at optimized phase matching pressure with ∼ 72 µW, and c) harmonic generated in argon at high backing pressure and ∼ 6 µW.
In conclusion, a narrowband high photon flux HHG source has been presented. It is driven by a nonlinearly compressed and frequency doubled fiber based CPA, delivering 90 µJ pulses with a pulse duration of 85 fs at 515 nm central wavelength and an average power of 11 W. The unique combination of a high average power driving laser and high conversion efficiency due to the short driving wavelength results in a record high XUV average power of 832 ± 204 µW ((2.4 ± 0.6) • 10 @A photons/s) in the 9 th harmonic at 21.7 eV. This table-top source provides the highest average power in this spectral region available to date, even delivering a higher photon flux than femto-sliced synchrotrons [2] . In particular, photon hungry applications like time resolved coincidence measurements [17] or imaging of ultrafast dynamics [28] , which additionally need ultrashort pulses, will benefit from such a source. Furthermore, a strong window-type Fano-resonance in argon allowed to reduce the relative energy bandwidth of a single harmonic at 26.65 eV to the resolution limit of the used spectrometer of only ΔE/E = 8·10 -3 . Nevertheless, some applications, like high resolution imaging and precision spectroscopy might demand for even smaller bandwidths of Δ = 10
.A . This seems feasible by using driving pulses in the ultraviolet spectral region [29] . Furthermore, the coherently combined fiber based driving laser is average power scalable [30] , which promises an order of magnitude higher photon flux in the near future.
